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A study of the surface morphology of homoepitaxial GaAs(001) by means of ex situ atomic force
microscopy in air reveals the reentrance of mounding behavior at low growth temperatures. A transi-
tion from statistical roughening to organized mound formation is observed as the growth temperature is
reduced. We show by means of growth simulations that the observed morphology is compatible with
anisotropic adatom diffusion in the presence of an Ehrlich-Schwoebel barrier. The mechanism leading
to this kind of adatom kinetics at low temperatures is interpreted in terms of surfactant acting arsenic
condensing on the surface.
PACS numbers: 68.35.Bs, 68.35.Fx, 81.15.HiA number of recent experimental investigations [1–3]
on epitaxial growth have shown that the formation of a
fairly regular pattern of three-dimensional (3D) growth
mounds on an initially flat surface is common to a broad
range of material systems from metals to semiconduc-
tors, during homoepitaxy [1,2] as well as heteroepitaxy
[3]. The origin of this phenomenon can be traced to an
intrinsic growth instability of the singular surface in the
presence of so-called Ehrlich-Schwoebel (ES) diffusion
barriers [4], which inhibit the downward movement of
adatoms at surface step edges. The influence of ES barri-
ers on film growth was first discovered experimentally by
Kunkel et al. [5]. The theoretical basis was laid by Villain
[6], but it was Johnson et al. [1] who clearly demonstrated
by simulation and experiment that the fate of an unstable
singular surface is the eventual buildup of a mound pattern.
The physical implication of the ES barrier is that adatoms
are hindered in stepping down from a terrace (although
this would mean an energetically favorable incorporation
at the step edge), resulting in increased probability of new
2D islands nucleating on already existing ones. The repeti-
tion of this process leads to the multilayer structures called
growth mounds.
Apart from mound formation, ES barriers lead also to
a rapid roughening of the growth front, thus preventing
the observation of surface diffraction intensity oscilla-
tions, as for instance in reflection high-energy electron
diffraction (RHEED). Such oscillations are generally
associated with smooth layer-by-layer growth. However,
by lowering the temperature, intensity oscillations are
again observed, a phenomenon described as reentrant
layer-by-layer growth [5]. The lower temperature limits
the diffusivity of adatoms, thereby effectively reducing
the consequences of ES diffusion barriers. Hence, layer-
by-layer growth sets in again, assisted by other smoothing
mechanisms like “downward funneling” [7], i.e., the
spontaneous downward movement of atoms deposited0031-90070084(15)3358(4)$15.00directly on step edges or other microprotrusions of the
surface.
In this Letter, we report on a new kind of reentrant
behavior, regarding this time the formation of mounds,
observed during homoepitaxy on GaAs(001). Mounding
has already been studied in this system [1,8], however,
only at the high growth temperature region (550 ±C).
We find that at intermediate temperatures around 300 ±C
the growth front becomes smooth, while for T , 260 ±C
mounds dominate again the morphology. Comparison to
growth simulations shows that the low temperature mound
pattern is compatible with a high anisotropic adatom mo-
bility in the presence of an ES barrier. The surprising
enhancement of adatom diffusion at low temperatures is
attributed to the previously reported effect of As condens-
ing on the surface [9].
The GaAs films are grown by molecular-beam epitaxy
(MBE) on nominally singular GaAs(001) substrates. Ga
and As4 molecular beams are supplied from solid source
effusion cells, and their flux is controlled by measuring the
beam equivalent pressure (BEP) with an ionization gauge.
The native oxide layer is removed by heating the substrate
to 580 ±C for 30 min under As4 overpressure. After oxide
desorption, a 250 nm GaAs buffer layer is deposited at
580 ±C at a As4:Ga BEP ratio of 20. Growth is continued
at a lower temperature after a 10 min interruption to
allow for the substrate temperature to stabilize. Substrate
temperatures in the 200–300 ±C range are measured with
a thermocouple, calibrated using the melting points of In
and Sn.
The strain appearing in our low substrate temperature
grown GaAs layers, examined by means of double crystal
x-ray diffraction rocking curves, is in good agreement with
recent reports [10]. Cross sectional transmission electron
microscopy investigations reveal that the GaAs films are
high quality single crystals with no structural defects. The
surface morphology was examined ex situ by atomic force© 2000 The American Physical Society
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surements were carried out in air, therefore a thin oxide
overlayer may be present on the sample surface. However,
as has been shown in many previous reports [8,11], the sur-
face oxide of GaAs does not affect significantly the AFM
measurements.
Figures 1(a) and 1(b) are two typical AFM images
exhibiting the behavior of the surface morphology with re-
spect to growth temperature. The samples have a thickness
of 1 mm and are grown under As-rich conditions (As4:Ga
BEP ratio 20). At temperatures higher than 260 ±C
[Fig. 1(a)] the surface is smooth with a surface width
(roughness) of 1.5 nm, which is comparable to that of
the buffer layer. However, monolayer steps cannot be re-
solved with the AFM on low substrate temperature grown
samples, in contrast to the buffer layer which exhibits
well-defined large one-monolayer high terraces of 160 nm
average width. This is probably because the average
terrace width in low temperature grown samples is below
the resolution of the AFM. When the growth temperature
is reduced, a pattern of growth mounds emerges as clearly
seen in Fig. 1(b). The mounds have a height of 8 nm,
lateral dimensions of 50 nm, and are elongated along
[110]; they loosely organize in columns running parallel
to [110]. With decreasing growth temperature the height
of the mounds increases and they become more and more
asymmetric. Similar effects are found also as a function
of the As4 overpressure prevailing during growth. Spe-
cifically, we observed that growth at T  210 ±C under a
significantly lower BEP ratio of 8 (but still in the As-rich
regime), leads to the disappearance of the mound pattern
and to a surface morphology similar to Fig. 1(a).
In order to quantify our observations we calculate the
height-height correlation function Gx, y from the AFM
data. Gx, y is here given by the average 12 h˜x 1 x0, y 1
y0h˜x0, y0x0,y0 , where h˜x, y is the height at point x, yFIG. 1. (a) AFM image of a 1 mm thick GaAs(001) layer grown at a substrate temperature of 280 ±C. The area of the image is
1 3 1 mm2. (b) AFM image of a 1 mm thick GaAs(001) layer grown at 210 ±C. The area of the image is 0.5 3 0.5 mm2. Images
(a) and (b) have the same gray scale contrast, which covers a height difference of 8.0 nm. (c) Gray scale image of the surface
morphology obtained from growth simulation of a 1 mm thick GaAs layer. The diffusion length along [110] 110	
d
is 13.6 nm, the
ratio 1¯10	
d
110	
d
is 0.75, and the Ehrlich-Schwoebel length, ES, is 1.2 nm. The gray scale and area of the image cover 4.0 nm and
0.5 3 0.5 mm2, respectively.relative to the average height, i.e., h˜  h 2 h with
· · · denoting an averaging over the whole image area.
x and y are parallel to [110] and [110], respectively. The
root-mean-square (rms) width is given by w 
p
G0, 0.
The position of the first maximum of Gx, 0 corresponds
to the average distance between growth mounds along
[110], thus, twice the mound radius Rm. Figure 2(a) shows
Gx, 0, normalized to w2, as a function of x at various
growth temperatures. At T , 260 ±C the height-height
correlation function exhibits oscillations which are char-
acteristic for mound formation. The positions of the first
maxima, denoted by arrows, shift to lower x values with
decreasing temperature. At T . 260 ±C, Gx, 0 re-
sembles the functional form G  e2xj2z , which is valid
for small x in systems exhibiting kinetic roughening [12],
with j and z representing the correlation length and
roughening exponent, respectively. From our data we
estimate z  0.65, which is consistent with the value of
23 predicted from nonlinear growth equations describing
kinetic roughening during MBE [13]. Figure 2(b) depicts
the dependence on growth temperature of the mound
radius Rm and slope wRm along [110]. Rm increases
up to 40 nm at T  260 ±C. At this growth temperature
the mounds have become almost symmetric and very flat.
Accordingly, wRm decreases rapidly with increasing
growth temperature.
Mounds are also elongated along [110] at high tem-
peratures [1], but have significantly larger lateral radii
of 0.5 mm. One could suppose that mounds observed
at lower temperatures are actually due to the same phe-
nomenon, only smaller because of the reduced adatom
diffusivity. However, if we take into account the value
of 1.58 eV for the single adatom hopping barrier Ea on
the GaAs(001) surface [14], then the thermal hopping rate
h ~ exp2EakBT  in our experiments is about 8 orders
of magnitude smaller than in the high temperature case.3359
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expected. Furthermore, the above assumption cannot ex-
plain the reentrant behavior. Another issue which ought
to be discussed regards the phenomenon of strain-induced
roughening, which has been invoked to explain the mor-
phology of strained InxGa12xAs on GaAs(001) [15]. We
believe that this effect is not relevant to our observations,
due to the strain in our samples being considerably smaller
(0.1%) than in InxGa12xAs layers (7.2 3 xIn%). In
contrast, the developed roughness is almost equally high
in both cases. Considering all points mentioned above,
we conclude that the reentrance of mounding in GaAs has
to rely on a new adatom diffusion mechanism, which be-
comes significant only at temperatures below 260 ±C. The
new diffusion mechanism is also governed by an ES bar-
rier, so that mound formation occurs anew. Furthermore,
the presence of an As surplus during growth is essential,
as mounding is observed only at high As4:Ga BEP ratios.
In order to test these ideas, we perform numerical
simulations based on discrete growth models employed
previously to metal homoepitaxy [16]. Atoms are de-
posited randomly on the (001) surface of an fcc lattice and
are finally incorporated at fourfold hollow (4FH) sites.
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FIG. 2. (a) Height-height correlation functions normalized to
the square of the surface width, Gx, 0w2, versus distance x
along [110] obtained from AFM images of GaAs layers grown
on GaAs(001) at various temperatures. Arrows denote the po-
sition of the first maximum of Gx, 0, which corresponds to
twice the mound radius Rm. (b) Mound radius Rm and slope
wRm along [110] as a function of growth temperature.
3360We consider only the group-III species kinetics, since we
are interested in conditions where growth is limited by the
supply of Ga. This justifies also the use of an fcc lattice,
which represents the Ga sublattice. The model includes
the mechanism of downward funneling [7]. This effect
has been mainly used in metal homoepitaxy simulations
[16], however, ˇSmilauer and Vvedensky [17] have shown
that a similar incorporation mechanism is also essential
for the description of GaAs homoepitaxy. Deposited
adatoms with no next-nearest neighbors are allowed to
move by hopping to neighboring 4FH sites. In order to be
able to study the behavior of our model at large epitaxial
thicknesses, the regime relevant to our experiments, we
make the following simplifications: (i) each adatom
is treated separately and (ii) adatoms are simulated as
random walkers with a finite diffusion length d [18].
These approximations are justified due to the high step
density of a surface covered with growth mounds, which
ensures that an adatom will be in most cases incorporated
at a step edge before having the chance to meet another
diffusing adatom. Incorporation of adatoms is considered
irreversible due to the low temperature. As a measure of
the ES barrier, EES, we define the length ES 
 aR 2 1,
where R is the ratio of the probability for terrace hopping
to the probability of hopping downward at a step edge.
The distance between two 4FH sites is represented by a.
For thermally activated hopping R  expEESkBT , so
that ES should decrease with increasing temperature.
Figure 1(c) shows a gray scale image of the surface
morphology obtained by simulating the growth of 1 mm
(3600 monolayers) GaAs on an initially flat GaAs(001)
surface. We used different diffusion lengths along [110]
and [110] to account for the anisotropy observed in the
experiment. The agreement with the experimental growth
pattern is notable. It may seem surprising that mounds are
elongated along the shortest diffusion length. This is hap-
pening because reduced diffusion along this direction re-
sults also in a weaker effect of the ES barrier. Thus, mound
formation is not pronounced along [110]. Figure 3(a) de-
picts the height-height correlation function of simulated
surfaces at different values of ES, while Fig. 3(b) shows
the corresponding values of Rm and wRm as a function
of 21ES . The experimental behavior with respect to growth
temperature may be reproduced by a rapidly increasing
ES with decreasing temperature. This behavior agrees
with the definition of the ES length. The predicted val-
ues for Rm and wRm are realistic in comparison with
the experimental ones. To our knowledge, this is the first
time that results of kinetic simulations for the particular
homoepitaxial system of GaAsGaAs(001) are in good
quantitative agreement with experiment. We assume that
this is because a number of processes like diffusion along
step edges, detachment from steps, and capillary-induced
mound coalescence are quenched at low substrate tem-
peratures, thus simplifying the physical description. Our
simulation procedure allows only an indirect estimation of
the hopping barriers. For the adatom hopping barrier Ea,
VOLUME 84, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 10 APRIL 2000FIG. 3. (a) Height-height correlation functions normalized to
the square of the surface width, Gx, 0w2, versus distance
x along [110] obtained from simulated surfaces at different val-
ues of the Ehrlich-Schwoebel length ES. (b) Mound radius
Rm and slope wRm along [110] as a function of 21ES obtained
from growth simulations.
we use the relation d  ahf16 [12], where f is the
deposition rate and h  kBTh¯e2EakBT the thermally
activated hopping rate [14]. Setting f  1 sec21, we find
an Ea of 0.5 eV, significantly lower than the high tem-
perature value cited above [14]. Furthermore, comparing
the variation of ES to the experimental temperature inter-
val, we infer that EES lies between 0.05 and 0.1 eV.
A last remaining issue regards the origin of the enhanced
adatom diffusion at low temperatures. It is obvious that
a key role is played by the As4 overpressure. Recently,
it was proposed that As condensing on the GaAs(001)
surface at low temperatures may act as a surfactant [9],
i.e., as a surface-active species that modifies the growth
mode [19]. This model was based on the observation of
RHEED intensity oscillations at low growth temperatures.
However, this effect might also be related to reentrant
layer-by-layer growth cited above [5]. We believe that our
findings on mound formation point now unambiguously
to an As-controlled diffusion mechanism at low tempera-
tures. Furthermore, our analysis provides an adequate
explanation for the behavior of low temperature RHEED
oscillations with respect to the BEP ratio as reported by
Shen et al. [9]. These authors find that the oscillation in-tensity first increases and then decreases as the BEP ratio is
increased. Our interpretation is that the initial increase of
oscillation intensity is due to the As-induced enhancement
of adatom diffusion. As the As4 overpressure increases
further, the effect of the ES barrier becomes also stronger,
the surface roughens rapidly and RHEED oscillations
are suppressed.
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